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ABSTRACT OF DISSERTATION

EFFECTS OF HIGH FAT EXPOSURE ON SKELETAL MUSCLE AUTOPHAGY
AND ENDOPLASMIC RETICULUM STRESS
Autophagy is a major degradation mechanism, responsible for clearing damaged
and dysfunctional organelles, including the endoplasmic reticulum, a structure
essential for protein synthesis and myocellular hypertrophy. Alterations in
autophagy throughout various tissues of the body have been linked to various
negative side effects such as decreased myocellular hypertrophy and insulin
resistance. High fat diets lead to changes (both increases and decreases) in
autophagy in various tissues throughout the body in a tissue-specific manner.
Skeletal muscle autophagy is decreased in myotubes cultured from obese
women, however the mechanism by which this occurs is unknown. As the
largest organ system in the human body, skeletal muscle serves an important
role in overall metabolic health. Therefore, sufficient skeletal muscle autophagy
is important for proper metabolic function. Moreover, a decrease in liver and
pancreas autophagy has been found to lead to endoplasmic reticulum (ER)
stress and the development of insulin resistance. Understanding the relationship
between autophagy and ER stress in the skeletal muscle following a high fat diet
may help elucidate a novel target for decreasing negative side effects.
Interestingly, both acute and chronic exercise have been shown to increase
skeletal muscle autophagy. This points to a potential therapeutic treatment for
those suffering with decreased skeletal muscle autophagy and may help improve
ER stress.
The purpose of this study was to compare the in vivo and in vitro effects of high
fat exposure on skeletal muscle autophagy. Additionally, the relationship of
autophagy and ER stress in skeletal muscle was explored. Lastly, this project
identified changes in skeletal muscle autophagy and ER stress following cyclic
stretch, an in vitro model of exercise in C2C12 myotubes.
Eight-week-old C57BL/6J were fed a high fat diet for 16 weeks and tibialis

anterior muscle examined for changes in autophagy markers. Gene expression
(mRNA content) of autophagy markers Atg3 (p=0.011, fold change 1.37), Atg12
(p=0.026, 1.38), and Atg16L (p=0.004, 1.49) were increased in skeletal muscle of
obese mice. Protein content was also measured, where increases in Atg3 (p =
0.04, 1.22), Atg12 (p = 0.027, 1.21), and Atg16L1(p = 0.021, 1.59) were found.
However, there was no difference in LC3 II:I ration. No changes were seen in
Atg5 or LC3.
Additionally, C2C12 myotubes were treated with equimolar palmitate and oleate
for 24h then assessed for mRNA content of genes involved in autophagy and ER
stress. Autophagy genes Atg5 (p = 0.007, fold change 1.78), Atg12 (p = 0.001,
fold change 1.99), and LC3 (p = 0.01, fold change 2.02) were decreased with
high fat treatment. Paradoxically, there was an increase in Atg16L (p = 0.005,
fold change 1.90). There were no changes in protein content. ER stress was
increased indicated by an increase of sXBP1 (p = 0.005, fold change 1.33).
Furthermore, inhibition of autophagy lead to changes in ER morphology and ER
stress.
To identify the impact of cyclic stretch on skeletal muscle autophagy and ER
stress, C2C12 myotubes were subjected to 30 minutes of equibaxial stretch and
examined for changes in autophagy and ER stress. Autophagy flux, measured
by tyrosine release, increased by 34% (p = 0.04) following exercise and ER
stress was decreased.
In conclusion, this study provides the novel finding that decreased skeletal
muscle autophagy is sufficient for inducing ER stress. Additionally, cyclic stretch
increases autophagy and improves ER homeostasis.
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CHAPTER ONE: INTRODUCTION
The autophagic lysosomal protein degradation pathway (autophagy) is essential
for cellular and whole-body homeostasis. Dysregulation of autophagy has been
implicated in impaired function of cellular organelles including mitochondria,1,2
and endoplasmic reticulum (ER)3. Obesity has been linked to ER stress, defined
as an overwhelmed protein folding capacity, and likewise is associated with
impaired autophagy.4,5 Interestingly, autophagy is altered throughout the body in
a tissue-specific manner in those on a chronic high fat diet (HFD). These
changes lead to altered cellular metabolism and dysfunctional ER.

Autophagy functions as the major quality control mechanisms for ER by forming
local, double-membrane punctate (phagophore) which select and engulf specific
cellular material or debris for degradation. Upon closure of the vacuole, the
autophagosome (completed vacuole) fuses with a lysosome for degradation of
the selected materials by hydrolytic enzymes. The autophagy process is
executed by numerous autophagy-related (Atg) genes which initiates and
completes the formation of the autophagosome.

Autophagy is initiated in numerous conditions including nutrient deprivation, by
dephosphorylation of Unc-51-like kinases ULK1 and ULK2. Interestingly, it is
unknown how nutrient oversupply, and specifically lipid overload, affects skeletal
muscle autophagy. This results in the subsequent phosphorylation of Beclin-1.
The Beclin-1 protein complex contains multiple proteins including class III
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phosphatidylinositol 3-phsphate kinase (VPS34). VPS34 then creates a binding
site on the phagophore in order for the selected material to bind. Atg12 is then
bound to Atg5 and then together bind with Atg16L to activate Atg3. Atg3 binds to
microtubule-associated proteins 1A/1B light chain 3 (LC3)I which is lipidated by
phosphatidylethanolamine (PE) to the phagophore membrane, becoming LC3II.
LC3II then serves as a docking mechanism for sequestosome-1 (p62) and
functions to close the vacuole creating a completed autophagosome. The
autophagosome then fuses with the lysosome creating an autolysosome which
results in degradation and recycling of the selected materials.

Each of these proteins serve with individual roles throughout the initiation,
elongation, and fusion processes. Specifically, LC3 serves as a selecting
protein, identifying matter that needs to be degraded or recycled and targeting
cargo through its interaction with p62. Elongation and completion of the
autophagosome is also dependent on the lipidation of LC3 to the membrane.

Regulation of this process is driven primarily by protein kinases mammalian
target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK). These
kinases use phosphorylation on ULK1 and ULK2 in order to regulate the initiation
of the autophagy process. mTOR is sensitive to nutrient changes in the cell and
therefore helps regulate autophagy and protein synthesis processes.6
Interestingly, mTOR known to respond to nutrient deprivation (particularly
protein) to initiate autophagy, but the effects of nutrient surplus, especially in the
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form of lipids, is unknown.6,7 Similarly, AMPK senses levels of adenosine
monophosphate (AMP) and adenosine diphosphate (ADP) in relation to levels of
adenosine triphosphate (ATP).6,8 Identifying energy and substrate availability,
these protein kinases are able to regulate the need for recycling cellular matter
for present energy needs.

A stimulator of both AMPK and mTOR is exercise.9,10 Following a single bout of
aerobic exercise AMPK is activated in order to facilitate glucose uptake into the
muscle, stimulate glycolysis, and induce autophagy in order to meet the ATP
demands of muscle contraction.11 Likewise, mTOR inhibition (through nutrient
depletion) stimulates autophagy.6,7,9 However, mTOR is activated following
increased amino acid availability and protein synthesis stimulation through
resistance exercise.9,12 Therefore, autophagy is activated following acute
exercise and exercise training through diverse mechanisms.13–15

Understanding how mechanotransduction affects skeletal muscle autophagy is
an important facet in identifying mechanisms by which autophagy regulation may
be returned to baseline in skeletal muscle of those suffering from autophagy
deficiency. Likewise, identifying how this quality control mechanism is regulated
and altered with nutrient overload, and specifically high levels of lipid, has vast
implications for persons on a chronic high fat diet.
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High fat diet is known to decrease autophagy in various tissues. Following a 10week high fat diet, virtually no autophagy flux was detected in liver tissue of
rats,16 indicating that chronic high fat feeding may impair autophagy.
Furthermore, 2-months of lipid overload decreased lysosomal activity and
blunted autophagy flux in kidney tissue of high fat fed mice. Additionally, a 5month high fat diet in rats was shown to increase ER stress in aortic tissue.17
Together, these studies point to the impact of HFD on both autophagy and ER
stress.

A variety of intracellular disturbances such as increased number of misfolded
proteins, can cause ER stress, resulting in decreased protein translation or
increased ER specific degradation. Depending upon the severity of ER stress,
the organelle will react in a variety of ways, tending to either a pro-survival, or
pro-apoptotic pathway (Figure 1.1).18 The pro-survival pathways attempts to
regain homeostasis by eliminating or adapting to the stressor causing
dysfunction. This is most often seen as activation of ER Stress via 78 kDa
glucose-regulated protein (GRP78), and subsequent activity of the InositolRequiring Kinase 1 (IRE1) pathway. Alternatively, with very severe or chronic
ER stress, additional pathways are activated, signaling through C/EBP
homologous protein (CHOP) and c-Jun N-terminal kinase (JNK), which may
eventually lead to apoptosis. A third mechanism, which can work as either prosurvival or pro-apoptotic is activation of protein kinase R (PKR)-like endoplasmic
reticulum kinase (PERK) which decreases protein translation and increases ER
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chaperones (GRP78/94) as another mechanism by which the cell may be able to
adapt.

ER stress, which activates these three pathways, is stimulated in skeletal muscle
of high fat fed mice.18 Deldicque18 et al., found increased markers of ER stress
using two independent dietary interventions: 1) 70% fat and <1% carbohydrate
for 6 weeks and 2) 46% fat and 36% carbohydrates for 20 weeks. However, the
prolonged diet induced a more progressed ER stress indicated by activation of
multiple pathways, suggesting that chronic high fat feeding elicits more severe
adaptations. Specifically, protein content of GRP78 and IRE1 were increased in
the 6-week trial, while protein content of GRP78, IRE1, pPERK, as well as
increased gene expression of CHOP, Activating transcription factor 4 (ATF4),
and spliced X-box binding protein 1 (sXBP1) (a downstream target of IRE1) were
significantly increased following the chronic diet.18 Together, these point to a
preferential target of the IRE1 pathway with prolonged high fat feeding to regain
myocellular homeostasis.18

Decreased autophagy has been linked to increased ER stress in various
tissues.5,19 However, the role of autophagy in high fat exposure-induced ER
stress in skeletal muscle is unknown. Skeletal muscle autophagy has been
found to be decreased and protein content of ER stress markers, including IRE1
and JNK, increased in overweight elderly subjects.20 Together these findings
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suggest that decreased skeletal muscle autophagy may serve as a therapeutic
target for those who have developed ER stress.

In summary, autophagy plays a vital role in ER quality control, by removing
excess ER,21 and recycling superfluous and mis-folded proteins.22 Additionally,
exercise is known to increase autophagy.12,23,24 Therefore, we aim to explore
how autophagy and ER stress are affected by high fat exposure as well as cyclic
stretch, an exercise mimetic. Through this study we hope to elucidate potential
targets for establishing ER homeostasis in a high fat environment.

6

Figure 1.1 The ER Stress (Unfolded Protein Response) Pathway
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CHAPTER TWO: REVIEW OF THE LITERATURE
Introduction
Autophagy, literally meaning “self-eating” in the original Greek term, is a major
cellular quality control mechanism. The autophagy degradation pathway
functions to clear damaged and dysfunctional organelles, as well as superfluous
and mis-folded proteins. Changes in autophagy flux are linked to many serious
pathological conditions including Parkinson’s disease,25,26 Crohn’s disease,27
cancer,28,29 and obesity.4,30–33 Autophagy has also been found to be altered in
various tissues in obese individuals,4,5,31 which may lead to obesity-related comorbidities.5 In skeletal muscle, excess autophagy induces muscle atrophy,
however, recent evidence shows that autophagy is essential for maintenance of
skeletal muscle mass and strength.34 Together, these findings point to the
importance of a well-regulated autophagy pathway, in order to promote efficient
quality control of various organelles and substrates leading to overall tissue
health and homeostasis.

Although there have been several studies which have looked at autophagy
changes in skeletal muscle of high fat diet individuals, there are conflicting data
regarding how the pathway is altered. It is known, however, that skeletal muscle
function is altered in obese individuals,35,36 which is seen in many obesity comorbidities. High fat feeding is often used to induce obesity in vivo and model
obesity in vitro. However, the effects of high fat exposure on autophagy remain
unclear. Future studies should focus on the important concept of autophagy
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changes in skeletal muscle of those with chronic high fat diet (HFD) in order to
better understand the mechanisms behind the alterations observed and how they
affect skeletal muscle function.

In contrast to chronic HFD, it is well known that exercise increases muscle
function in a variety of ways; including increased force production,37 oxidative
capacity,38 and endurance.39 While many studies have linked increased
autophagy to skeletal muscle atrophy,40 in recent years, several studies41–44 have
shown increases in autophagy activation in skeletal muscle following both
endurance exercise and resistance training, suggesting the need for a highly
regulated autophagy process. Additionally, skeletal muscle autophagy is
essential for aerobic adaptations to chronic exercise training.45,46

With obesity rates in the United States at an all-time high, it is imperative to
uncover mechanisms by which we may improve skeletal muscle function and
subsequently decrease risk of co-morbidities. First, we must understand how
HFD-induced obesity alters autophagy in various tissues. Because exercise
induces skeletal muscle autophagy, we suggest this may be a mechanism by
which obese individuals could treat altered autophagy. This review, then, will
focus on how HFD-induced obesity and exercise independently affect skeletal
muscle autophagy, eluding to the impact different forms of exercise may have on
skeletal muscle autophagy in those consuming a chronic HFD.

9

The Autophagy Pathway
Degradation through the autophagy pathway is a complex process involving
formation of a membrane which engulfs the cellular debris, developing an
autophagosome which docks with the lysosome, forming an autophagolysosome
where autophagosome contents are degraded by lysosomal hydrolases (Figure
2.1). The pathway has been previously described by both Badadani47 and
Mizushima48 in detail, therefore we will describe the mechanism here, in short.
The process is often divided into several primary sections including 1) membrane
initiation, 2) elongation & nucleation, 3) fusion, and finally, 4) degradation.

Initiation
Many physiological processes such as increased oxidative stress, infection, and
changing internal temperatures are known to activate autophagy, however a
classic trigger for autophagy induction is nutrient starvation.49 Under nutrient
depletion, autophagy flux is up-regulated, serving to recycle superfluous proteins
in order to supply needed energy. The induction of autophagy is largely
regulated through the mammalian target of rapamycin (mTOR) pathway.48
mTOR serves as a negative regulator of autophagy, blocking activation of
serine/threonine-protein kinase ULK1 (ULK1) by phosphorylation on Ser-757.
Therefore, to initiate formation of the autophagosome membrane via this
mechanism, ULK1 must be de-phosphorylated at this specific site. Alternatively,
ULK1 can also be activated through phosphorylation on Ser-555 by 5' AMPactivated protein kinase (AMPK).42,50 AMPK is the main regulator of autophagy
during and following exercise.51 Utilization of adenosine triphosphate (ATP)
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during activity results in accumulation of adenosine monophosphate (AMP),
which in turn activates AMPK and suppresses mTOR. Activating ULK1
stimulates the Beclin-1/ Class III PI 3-kinase(Vps34)/Atg14 complex to promote
autophagosome initiation.50 The source of the pre-autophagosome membrane is
unknown, however, reports suggesting originality from mitochondria,
endoplasmic reticulum, and the plasma membrane have been published.52–54

Elongation & Nucleation
Following induction, elongation and nucleation of the membrane is achieved by
the autophagy-related proteins (Atg)16L/12/5 complex.48 To initiate this complex
Atg12 is activated by Atg7, and is conjugated with Atg5.55 This pair of proteins
then associates with Atg16L1 forming the Atg16L/12/5 complex. This essential
complex is one of two ubiquitin-like processes in the autophagy pathway
necessary for membrane expansion. The second pathway, involving
Microtubule-associated proteins 1A/1B light chain 3B (LC3) is also activated by
Atg7.55 Following activation, Atg3 induces lipidation of LC3 and
Phosphatidylethanolamine (PE) which forms the membrane-bound form of LC3
(LC3II) on the inner autophagosome membrane.47,48 LC3II serves as the major
cargo selector for autophagosomes, recognizing protein tags such as ubiquitin,
on damaged organelle and superfluous and mis-folded proteins. Additionally,
p62 serves as a tag for mis-folded and aggregated proteins.56,57 Once cargo is
tagged, p62 then binds directly to LC3II on a 22-amino acid region of the Nterminus, delivering the cargo to the autophagosome.56 In the absence of
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autophagy, accumulation of p62 occurs, therefore p62 has been suggested to be
used as a measurement of autophagy flux.

Fusion & Degradation
Once a complete autophagosome is formed and contains matter for degradation,
Lysosomal-associated membrane proteins 1 and 2 (LAMP1, LAMP2) attract the
autophagosome to the lysosomal membrane.58 Fusion of the lysosome and
autophagosome occurs, forming an autolysosome. Degradation of the cargo, as
well as the inner membrane (containing LC3II and p62) then occurs via
lysosomal hydrolases. The resulting peptides and amino acids are then
transported to the cytosol for re-utilization.

Organelle-Specific Autophagy
Although autophagy has long been thought to be a general, un-specified,
recycling system for superfluous or dysfunctional cellular matter, findings over
the past decade have continuously shown more specified degradation targeting.
These emerging data indicate that there is indeed a general degradation function
as well as organelle-specific degradation, which targets specific cellular debris
such as damaged endoplasmic reticulum (ER-phagy) and mitochondria
(mitophagy) and serves as a housekeeping mechanism for the cell. While some
of the processes in organelle-specific autophagy are synchronous with those of
global autophagy, both ER-phagy and mitophagy also have specific proteins
utilized in the selection and degradation progression.
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To date, mitophagy is much more clearly defined than ER-phagy, however, many
questions still lack answers in both processes. Generally, the two major
specified markers of mammalian mitophagy include PTEN-induced putative
kinase 1 (PINK1) and Parkin.59 PINK1 is a serine/threonine protein kinase, which
functions to protect mitochondria from cellular stress. In healthy mitochondrial
endogenous levels of PINK1 are kept very low.43,59,60 Therefore, increases in
PINK1 indicate mitochondrial damage or dysfunction. This increase in PINK1
results in subsequent recruitment of Parkin to the mitochondria membrane, which
targets the mitochondrion for degradation via autophagy.61 The process by
which Parkin is enlisted and transported to the mitochondrial membrane has
been hypothesized to include phosphorylation of Ser/Thr residues, but is yet
unkown.59,60 However, in 2014 Kane et al found that recruitment of Parkin by
PINK1 is successful even with mutation of each individual Ser/Thr residue of
human Parkin.62 This finding suggests mediation of Parkin translocation is due to
another PINK1 substrate.62 In addition to the PINK1/Parkin mitophagy pathway,
the mitochondrial protein Nix has also been associated with mitochondrialspecific degradation. The Nix/Bnip3 pathway works similarly to the
aforementioned PINK1/Parkin mechanism as it attracts the LC3 interaction site to
the membrane of damaged mitochondria.63
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Although the importance of these organelle-specific pathways is highly significant
for skeletal muscle function, to date, no one has defined the changes in these
pathways in skeletal muscle of those on chronic HFD.

Autophagy Changes in Various tissues of HFD-Induced Obese Individuals
Because autophagy is an essential process for cellular homeostasis and proper
organ function, any changes seen in the activity of the pathway (whether
increased or decreased) should be noted and explored. According to many
findings (highlighted below) HFD-induced obesity may alter the transcriptional
regulation of autophagy in a variety of ways throughout the body. It is well known
that caloric restriction up-regulates autophagy. Therefore, caloric surplus may
function to decrease autophagy flux.64 Inefficient degradation through autophagy
leads to multiple negative effects throughout the body as well as promoting
multiple pathological conditions. Some of these include endoplasmic reticulum
stress32 and decreased sensitivity to insulin.27

Liver
Yang et al found decreased protein content of the major autophagy players LC3
II:I, Beclin-1, Atg5, and Atg7 in hepatic tissue of HFD mice.5 Specifically, the
decrease in Atg7 was substantial, indicating a decrease in the elongation stage
of the autophagy process. Additionally, restoring hepatic autophagy relieved
insulin resistance (IR) and restored glucose tolerance. While this is favorable,
skeletal muscle IR is the major driver of whole-body IR in HFD-induced obesity
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and type 2 diabetes.65 Kim et al found that decreases in Atg7 as well as Beclin-1
were associated with mitochondrial dysfunction and apoptosis of hepatocytes.5
Together, these findings support the importance of autophagy in proper
mitochondrial respiration and insulin sensitivity/resistance. Restoring autophagy
may prove to be a mechanism by which IR can be relieved in skeletal muscle as
well.

Adipose
Interestingly, opposite effects have been found in adipose tissue of those with
HFD-induced obesity. Increased autophagic flux, protein content, and gene
expression of autophagy markers (Atg5 and LC3) was reported in human
adipose tissue in obese when compared to lean.30 Levels of autophagy markers
(protein content and gene expression) were significantly higher in omental
adipose tissue when compared to the paired sample of subcutaneous adipose
tissue,30 suggesting autophagy may be preferentially upregulated in visceral fat
deposits.

Interestingly, Jansen et al found increased LC3-II protein content in
subcutaneous adipose tissue of HFD-induced obese humans compared to lean
subjects31 suggesting autophagy flux is increased in adipose tissue of the obese.
This increase was also found in obese mice compared to their lean littermates,31
treated with 3-Methyladenine (an autophagy inhibitor). Intriguingly, positive
correlations were found between LC3-II and homeostatic model assessment of
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insulin resistance (HOMA-IR). This relationship suggests that adipose tissue
autophagy flux is negatively correlated with insulin sensitivity. These researchers
also found that inhibiting whole body autophagy induced significant increases in
key pro-inflammatory proteins in adipose tissue.31 This finding suggests the
increase in autophagy may function to reduce protein content of these proinflammatory markers thereby decreasing adipose tissue inflammation.

Brain
In order to determine the effects of HFD on autophagy flux within the brain, Meng
et al. fed mice standard or HFD and assessed major autophagy markers.
Decreased protein content of Atg7, Atg5, and the ratio of LC3-II to LC3-I were
observed in the hypothalamus of HFD mice4 suggesting that chronic HFD
decreases autophagy in the brain. In order to determine the mechanistic basis
by which brain autophagy regulates energy balance in HFD-induced obesity, the
researchers performed a knockout of hypothalamic Atg7 and found increases in
energy intake and decreased energy expenditure, which lead to obesity.4
Together, these findings suggest that decreased hypothalamic autophagy
exacerbates HFD-induced obesity by decreasing hypothalamic signals of satiety.

Skeletal Muscle
Literature regarding changes in autophagy in skeletal muscle of those with HFDinduced obesity is inconsistent, likely due to different models and methodologies
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employed. Campbell et al reported no change in protein content of LC3 II:I, or
autophagy regulators Atg7 and Beclin-1 in skeletal muscle of female rats
following a 16-week HFD.66 Surprisingly, these researchers did report an
increase in conjugated Atg12-5, typical when autophagy is up-regulated and p62
which reflects lower rate of autophagy.66 From these data, they concluded there
was no change in down-stream autophagic response, although autophagy
factors were increased with prolonged HFD-induced obesity. This, perhaps,
points to a system with increased capacity for autophagy, but unchanged flux.
Capacity, as defined as an increased protein content of autophagy players, may
be increased independently of flux through the autophagy pathway. This may
uncover other points in the process which are down-regulated and therefore
cause no change in overall flux through the system.

While these previous studies measured autophagy markers, Bollinger et al
measured protein degradation. These researchers reported a 34% decrease in
lysosomal flux in primary myotubes from obese women under basal and nutrient
deprived conditions.64 However, these authors found no difference in expression
of the autophagy genes LC3B, ATG4B, or Gabarapl-1.

Additionally, Kim et al found that a muscle specific knockout of Atg7 improved
insulin resistance in HFD mice when compared to wild-type controls,67
suggesting that skeletal muscle autophagy may contribute to development of
insulin resistance in HFD-induced obesity. Interestingly, they also found
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decreased cytochrome C oxidase (Cox) activity as well as decreases in gene
expression of genes related to oxidative phosphorylation in Atg7 knockout mice.
Alternatively, however, they found an increase in overall mitochondrial mass and
citrate synthase activity in the knockout model. These researchers suspect this
paradox to be owed to decreased mitophagy.

It is well known that obesity is characterized by mitochondrial dysfunction. This
same mitochondrial dysfunction has been linked to IR in the aging population.68
Because mitochondria are the powerhouse of the cell, serving as the largest
metabolic organelle, mitophagy could play a role in development of IR with HFDinduced obesity.

Together these studies suggest the complexity of the role of skeletal muscle
autophagy on overall metabolic health in the obese population.

Autophagy Changes with Exercise
Autophagy markers (protein and gene expression) are increased with various
types of exercise.23,43,69,70 This increase may prove to be a therapy by which
those suffering with obesity can up-regulate skeletal muscle autophagy and
improve mitochondrial function.

Grumati et al found that a single bout of exercise activated autophagy in healthy
skeletal muscle, but was detrimental to mice lacking collagen-VI (a model where
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autophagy is compromised).23 Masiero et al. reported that deletion of musclespecific Atg7 resulted in numerous cellular stress issues such as abnormal
morphology of mitochondria, distention of the ER, and disorganization of the
sarcomere.34 They also found that deletion of Atg7 promoted z-disk
misalignment, leading to decreased force production.34 Together, these studies
served as a foundation for a new line of research focusing on the role of
autophagy during and after exercise.

Because autophagy can be activated in a variety of ways, it is important to
understand the difference in endurance and resistance exercises and how they
individually affect skeletal muscle autophagy. While endurance exercise results
in a large increase in AMPK, resistance exercise increases levels of mTOR.10
This simple difference could alter the way in which autophagy is initiated or
decreased with different forms of exercise

Endurance Exercise
It is well established that following endurance exercise 5' AMP-activated protein
kinase (AMPK), a known activator of autophagy, increases within skeletal
muscle.58

Following six weeks of treadmill exercise (5x a week), Liu et al found significant
increases in skeletal muscle autophagy (defined as increased LC3II:LC3I ratio) in
wild type (WT) mice, while there was no increase in AMPKa2 knockout mice71
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indicating that AMPK is essential for acute exercise-induced increases in
autophagy.

Furthermore, Jamart, et al. found that a 24-hour ultra-endurance protocol
increased LC3II and conjugation of Atg12 to Atg5.69 These changes could be
regulated via increases in AMPK during the prolonged endurance running.

Following 8 weeks of regular endurance exercise, Jiang et al found that
autophagy activation was increased via increased levels of LC3II and decreases
in Nucleoporin p62 (a negative regulator of autophagy).70 Additionally, basal
autophagy levels were increased following training, suggesting that not only is
autophagy acutely increased in the post-exercise recovery period, but also at rest
following chronic exercise training.13 Interestingly, exercise intensity also seems
to play a role in activation of autophagy, as increases in phosphorylation of
AMPK were significantly higher following a high intensity exercise bout than one
of low intensity.51 Therefore, exercise appears to increase autophagy in an
intensity-dependent manner which is likely directly related to AMPK activity.

As mentioned previously, autophagy can be broken down further into organellespecific degradation pathways.

Specifically, due to the many roles of mitochondria during exercise and with
exercise adaptations, mitophagy has been the primary pathway studied.
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Vainshtein et al found an increased localization of LC3II to the mitochondria by
5.2-fold immediately following treadmill exercise.43 Additionally, autophagy flux
was increased significantly following exercise in wild type mice, but not in mice
lacking Peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1a.
This points to a potential location of interaction between mitochondrial
degradation and biogenesis following treadmill exercise. Lactic acid levels were
elevated immediately post, and 90 minutes post exercise in PGC-1a knockout
(KO) mice, indicating increased reliance on glycolysis during exercise. KO mice
also exhibited with delayed Parkin association with mitochondria. These data,
together, suggest an increased activation of mitophagy following exercise,
mediated by PGC-1a.43

Resistance Exercise
While the majority of studies performed in this area have focused on endurance
training, autophagy changes have also been observed in skeletal muscle
following resistance exercise training. Following resistance exercise mammalian
target of rapamycin (mTOR) is activated serving as a negative regulator of ULK1
phosphorylation. Interestingly, a recent study has reported that long-term
resistance exercise training enhances autophagy flux through p62.44

Additionally, Luo et al found that following 9 weeks of resistance training, activity
of major autophagy proteins was significantly increased. Specifically, increases
in Beclin-1, Atg5/12 complex, Atg7, and the lysosomal enzyme cathepsin L were
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found.72 These changes were found to be modulated by Akt/mTOR signaling,
presenting a new target for increasing autophagy through exercise.72

Conclusions
Through these studies it is clear that perturbing energy balance, whether by
caloric surplus or expenditure, alters skeletal muscle autophagy. Because
autophagy serves as a major quality control mechanism for skeletal muscle
organelles, any alterations in flux through this system can have large
implications.

Autophagy is essential for optimal skeletal muscle function and in the past
decade exercise has emerged as a potential treatment to activate the autophagy
process thereby improving multiple disease states. Thus far, it has been
reported that autophagy increases following both endurance and resistance
exercise. Additionally, selective degradation of mitochondria via mitophagy is
increased following a single bout of exercise.43

Further investigation in the alterations of autophagy in skeletal muscle of those
with chronic HFD is needed. Understanding how autophagy is altered in skeletal
muscle of those on chronic HFD will shed light on potential reasons for the
observed decreased function. Additionally, understanding the relationship
between autophagy changes following exercise and in persons who are obese
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may lead to unique mechanisms by which exercise can improve skeletal muscle
health and function in the HFD-induced obese population.
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Figure 2.1 The Autophagy Pathway
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CHAPTER THREE: HIGH FAT DIET-INDUCED OBESITY INCREASES mRNA
AND PROTEIN CONTENT OF AUTOPHAGY RELATED GENES
Abstract
Obesity decreases flux through the autophagic/lysosomal pathway, a major
regulator of muscle size, but the specific mechanism for this remains elusive.
Purpose: To determine how obesity affects gene and protein expression of
autophagy markers within skeletal muscle. Methods: Eight-week-old C57BL/6J
mice were fed a high fat (HFD) or standard chow diet (Control) for 16 weeks.
Body composition was assessed by Echo MRI. Tibialis anterior muscles were
extracted and muscle cross-sectional area (CSA) measured by dystrophin
immunofluorescence. Protein (immunoblot) and mRNA (RT-PCR) content of
major autophagy genes was measured. Cathepsin L enzyme activity was
measured using fluorometry. Results: HFD-induced obesity significantly
increased total body mass, fat mass, and tended to increase myocellular CSA.
HFD-induced obesity did not significantly alter LAMP 1 protein content or
cathepsin L enzyme activity. However, compared to controls, HFD mice
displayed significantly higher protein content of some, but not all, major
autophagy markers Atg3 (p = 0.04, fold change 1.22), Atg12 (p = 0.027, 1.21),
and Atg16L1(p = 0.021, 1.59). Additionally, HFD mice displayed increased
mRNA content of Atg3 (p = 0.011, 1.37), Atg12 (p = 0.026, 1.38), Atg16L (p =
0.004, 1.49), and LC3 (p = 0.009, 1.37). Protein content of FoxO3, a major
regulator of Atg transcription, was unchanged by HFD. Conclusions: HFDinduced obesity increases expression of several autophagy-related proteins,

25

potentially through increased gene transcription. However, increased mRNA
content of these genes is not readily explained by FoxO protein content or
phosphorylation.
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Introduction
Protein turnover is a major regulator of myocellular size and function. The
autophagic/lysosomal pathway (autophagy) accounts for approximately 35% of
total myocellular protein turnover and is highly susceptible to alterations in
nutritional status8. Nutrient deprivation markedly increases autophagy flux both
in vivo73 and in vitro64. Additionally, nutrient status, specifically starvation,
upregulates autophagy via FoxO3-induced gene transcription74. However, it is
less clear how nutrient excess such as high fat diet (HFD)-induced obesity
affects autophagy in skeletal muscle.

It is well established that skeletal muscle of the obese increases in size75 and
absolute force production76. However, specific force36 and organelle function2,77
is impaired in those with obesity. The major quality control mechanism of these
organelles is autophagy. Identifying alterations in autophagy flux due to HFDinduced obesity may provide therapeutic targets for these functional changes.

Genes and proteins involved in autophagy appear to be regulated in a tissuespecific manner in high fat diet (HFD)-induced obesity5. Increased autophagy
flux has been observed in adipose tissue of obese humans30 while the liver5 and
hypothalamus78 show a decrease in protein content of autophagy markers.
Additionally, findings on autophagy changes in skeletal muscle of the obese are
conflicting. Bollinger et al64 reported a decreased lysosomal flux in myotubes
from obese women. However, Campbell et al found no changes in microtubuleassociated proteins 1A/1B light chain 3B (LC3) lipidation, autophagy related
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protein 7 (Atg7) or Beclin-166. Additionally, a large decrease in Bcl2 (a negative
regulator of autophagy) was found, which indicates a trend to increased
activation66. Interestingly, there has been little exploration of the effects of
obesity on expression of autophagy machinery in skeletal muscle.

In addition to identifying changes in the autophagy pathway due to HFD-induced
obesity, it is of utmost importance to discover how the changes are regulated.
Because autophagy can be activated by a large number of up-stream targets,
identifying transcriptional regulation of any changes that occur in skeletal muscle
of the obese will illuminate mechanisms which may be targeted for treatment. It
is known that FoxO3 is critical in the activation of autophagy through increased
transcription of LC374 as well as increased content of multiple Atg proteins74.
FoxO3 is regulated by phosphorylation and once activated translocates to the
nucleus where it upregulates expression of multiple autophagy genes.74,79,80
Bnip3 is the primary regulator of FoxO3 in skeletal muscle81. This transcriptional
regulation may prove to be a mechanism by which autophagy is altered in
skeletal muscle of obese mice.

The purpose of this study was to determine how HFD-induced obesity affects
expression of autophagy related proteins and mRNA content in skeletal muscle.
We hypothesized that HFD-induced obesity would decrease content of
autophagy-related proteins due to nutrient overload and activation of the anabolic
pathways. Additionally, we hypothesized a decrease in FoxO3-induced gene
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transcription in skeletal muscle. These findings would be in line with previous
studies documenting the regulation of autophagy via the Akt-mTOR and AktFoxO3 axes.

Methods
Animals
Eight-week-old C57BL/6J male mice were fed standard chow (n=8) or high fat
diet (HFD) (n=8) consisting of 60% lard for 16wk82. Mice were housed at the
University of Kentucky Division of Laboratory Animal Resources on a 12 h:12 h
light-dark cycle with ad libitum access to water. Immediately following the 16wk
intervention, body composition was assessed via Echo MRI and mice were
sacrificed utilizing CO2 inhalation. Left and right tibialis anterior (TA) muscles
were collected and frozen immediately in liquid nitrogen. All animal procedures
were approved by the University of Kentucky Division of Laboratory Animal
Research.

Muscle Fiber Cross-sectional area
Left TA were isolated from each mouse, mounted in OCT, and cut into 10µm
thick cross sections. Muscle sections were fixed using 4% paraformaldahide,
blocked using 0.5% BSA + 10% rat serum + 1X PBS at room temperature for
20min. Sections were then incubated in primary antibody against dystrophin
(Novus UP D505) at 4°C overnight. The sections were washed in PBS and
subsequent exposure to alexafluor 488 (Thermo Fisher) for 1hr at room
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temperature. Images were acquired using a fluorescence microscope (Zeiss,
Axio Observer DI) at 20x magnification and cross-sectional area determined
using ImageJ similar to Ratchakrit83.

Immunoblots
Right TA muscles were homogenized with zirconium oxide beads in RIPA buffer
containing proteasome and phosphatase inhibitors. Protein content was
measured via bicinchoninic acid (BCA) assay and western blots performed using
equal amounts of total protein. Following SDS-PAGE, proteins were transferred
to a polyvinylidene difluoride (PVDF) or nitrocellulose membrane. Membranes
were incubated with primary antibodies (Cell Signaling Technologies) specific for
autophagy related proteins (Atg) Atg3 (#3415), Atg5 (#12994), Atg7 (#8558),
Atg12 (#4180), Atg16L (#8089), and LC3 (#12741) as well as FoxO3 (total:
#2497, phosphorylated: #9466). Additionally, lysosomal-associated membrane
protein 1 (LAMP1) was measured. The monoclonal antibody (1D4B) developed
by August, J.T. was obtained from the Developmental Studies Hybridoma Bank,
created by the NICHD of the NIH and maintained at The University of Iowa,
Department of Biology, Iowa City, IA 52242. Near-infrared or HRP-conjugated
secondary antibodies were used and band densiometries measured using
ImageJ software. Band densiometries were normalized to a loading control
protein Histone H3 (Cell Signal #3638).
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RT-PCR
RNA was isolated via phenol-chloroform extraction from a portion of the left TA,
reverse transcribed into cDNA, and RT-PCR (ABI 7900, sybr green chemistry)
performed. Specific primers used can be found in Table 1. Results were
normalized to the geometric mean of Glyceraldehyde Phosphate Dehydrogenase
(GAPDH), Large Ribosomal Protein (RPLPO), and β-actin which were not
changed in response to HFD. Fold change in mRNA content was determined by
the ∆∆Ct method.

Enzyme Activity
Left TA muscles were homogenized and measured for activity of Cathepsin L
using fluorometry using a commercially available kit (manufacturer and product
number). Tissue homogenate and reaction buffer was added to each substrate
and incubated for 2 hr. Samples were read on a SpectraMax 300 fluorometer.

Statistics
All statistical analyses were performed using Graphpad Prism 7.0c. Two-way
analysis of variance was conducted to determine significance using an alpha
level of 0.05. All results are reported as mean ± SEM.
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Results
HFD-induced obesity increases skeletal muscle size
Following 16wk HFD intervention, mice were assessed for total body mass to
confirm our model of HFD-induced obesity. HFD mice had significant increases
in body mass when compared to normal chow (p = <0.001) (Figure 3.3A).
Additionally, HFD-induced obesity tended to shift the distribution of myofibers to
favor large myofibers (i.e. > 1250µm2) resulting in an increased average crosssectional size in HFD compared to LFD mice (p = <0.001) (Figure 3.1C, 1B).

HFD-induced obesity increases content of autophagy-related proteins
In order to assess the impact of HFD-induced obesity on skeletal muscle
autophagy markers, protein content of Atg and other autophagy machinery were
measured. Immunoblot analyses showed an increase in various major markers
of autophagy, while others were left unchanged. Specifically, increases in Atg3
(p=0.040, fold change 1.22), Atg12 (p=0.027, 1.21), and Atg16L (p=0.021, 1.59),
were observed (Figure 3.2 A, E). No changes were seen in Atg 5 or Atg7 (Figure
3.2 A, E). Similarly, total LC3B I, LC3B II, and LC3B II:I (Figure 3.2 B, C, E) ratio
were unchanged by HFD-induced obesity.

Gene expression of autophagy markers is increased following HFD
Since expression of many Atg proteins is regulated at the level of gene
transcription, we next wanted to determine how HFD-induced obesity affects
mRNA content of these genes. Interestingly, we saw increases in Atg3 (p=0.011,
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1.37), Atg16L (p=0.004, 1.49), Atg12 (p=0.026, 1.38), and LC3 (p=0.0093, 1.37)
(Figure 3.3 B). No changes were seen in gene expression of ER stress markers
(Figure 3.3 A)

Lysosomal enzyme activity is unchanged following HFD
In order to assess the effects of HFD-induced obesity on autophagy flux, we
measured LAMP1 protein content and Cathepsin L enzyme activity. Protein
content of LAMP1 was unchanged in response to HFD-induced obesity (Figure
3.2 D, E). Additionally, we saw no changes in Cathepsin L activity in HFD mice
compared to LFD counterparts (Figure 3.4). However, there was an increased
gene expression of LAMP in HFD mice (p = 0.003, 1.36) (Figure 3.3 B).

FoxO3 content
Since FoxO3 is a major regulator of transcription of autophagy-related genes, we
next wanted to determine how HFD-induced obesity affects activity of FoxO3. To
do this, we measured protein content of total and phosphorylated FoxO3 in
control and HFD mice. Neither total nor phosphorylated FoxO3 were changed in
response to HFD-induced obesity (Figure 3.5). Also, there was no change in the
ratio of phosphorylated FoxO3 to total (Figure 3.5).
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Discussion
The major finding of the present study is that HFD-induced obesity increases
expression of some, but not all, autophagy-related proteins, potentially due to
increased gene transcription. We found that HFD-induced obesity significantly
increased protein content of Atg3, Atg12, and Atg16L (Figure 3.2). However,
Atg5, Atg7, and LC3B (Figure 3.2) were not altered by HFD-induced obesity.
Therefore, it is possible that HFD-induced obesity increases autophagosome
initiation and elongation, but not lysosomal degradation. The physiological
significance of this increase in autophagy related proteins remains to be seen,
but it is possible that HFD-induced obesity increases sequestration of proteins
within autophagosomes, but not necessarily degradation of these proteins.

Therefore, there could be a missing link between increased capacity of
autophagy and increased flux through the autophagy. Interestingly, there was no
change found in Cathepsin L (Figure 3.4) activity or protein content of LAMP
(Figure 3.2), suggesting HFD-induced obesity does not increase lysosomalmediated hydrolysis. This agrees with the theory that while there are increases
in autophagy machinery, there may not be increased degradation through the
pathway. These findings will serve as foundational information for future studies
on how skeletal muscle autophagy responds to chronic nutrient overload.

Interestingly, this increased capacity appears to be regulated by increased gene
transcription. We found increases in mRNA content of Atg12, Atg16L, and LC3
in HFD mice compared to lean counterparts (Figure 3.3 B). FoxO3 is known to
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be necessary and sufficient to increase autophagy in skeletal muscle74. In order
to elucidate the impact of this transcription factor on autophagy regulation in
skeletal muscle of HFD mice, we measured protein content of total and
phosphorylated FoxO3 (Figure 3.5). There were no changes seen in either total
or phosphorylated FoxO3, indicating that a different transcription factor must be
necessary for the increased autophagy machinery in skeletal muscle of HFD
mice (Figure 3.5). With unchanged FoxO3 content, our data agree with
previously reported findings that FoxO3 is required for an increase in autophagy
in skeletal muscle74. This points to a different upstream regulator having an
effect on autophagy machinery. Other potential targets may include FoxO1,
which is also known to activate autophagy via the Akt axis84,85.

Alternatively, mammalian target of rapamycin (mTOR) complex-1 (mTORC1) is
a known nutrient sensor which responds to nutrient overload by decreasing
autophagy86. With our model of HFD-induced obesity, it is possible that the
nutrient overload stimulated mTORc1, overriding the FoxO1/3 signal to increase
autophagy. Future studies should focus on the effect of nutrient overload on
autophagy at individual stages such as initiation, elongation, and final hydrolysis.

Together, these findings suggest an increase in autophagy activation and that
this activation is transcriptionally regulated, but not by FoxO3. Further
investigation is needed to identify the upstream regulator of the observed
increase in autophagy machinery. Elucidating the autophagy regulatory
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mechanisms altered due to HFD-induced obesity will allow us to better
understand how skeletal muscle autophagy functions under chronic nutrient
overload.
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Figure 3.1 HFD-induced obesity increases number of large myofibers.
C57Bl/6J mice were fed HFD for 16wk and total body mass (A), body fat
percentage (B) and muscle cross-sectional area measured (C). Body
Composition was analyzed using Echo MRI. Myofiber size was measured using
an immunofluorescence antibody for dystrophin (D), imaging the muscle
sections, and measuring the fiber size using ImageJ (C, D). Body fat percentage
increased 240% (B). A histogram showing the number and size of myofibers
found in LFD vs HFD can be seen in image D. *p < 0.05 vs. LFD control
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Figure 3.2 Protein content of autophagy markers is increased with HFD
while lysosomal protein content is unchanged.
Protein from mouse TA was separated by SDS-PAGE and immunoblotting
performed using antibodies against several autophagy-related proteins. Atg3
(A), Atg12(A), and Atg16L (A) all showed increased protein content following
HFD. No changes were seen in Atg5 (A), Atg7 (A), or LC3 (B,C). Protein
content of LAMP1 was unchanged following HFD-induced obesity (D). *p < 0.05
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Figure 3.3 Gene expression of autophagy and lysosomal markers, but not
ER stress, is increased following HFD.
mRNA was isolated from TA muscles of lean and obese mice (following 16-week
HFD), reverse transcribed, and RT-PCR performed. Increases in Atg3, Atg12,
Atg16L, and LC3 were observed (B). Additionally, there was a significant
increase in LAMP gene expression (B). No changes were found in Atg5 or Atg7.
Gene expression of ER stress markers, including GRP78, ATF4, ARP94,
usXBP1, and sXBP1 was unchanged (A). *p < 0.05
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Figure 3.4 Cathepsin L Activity is Unchanged in Skeletal Muscle of HFD
Mice.
Left TA muscles were homogenized and measured for activity of Cathepsin L
using fluorometry.
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Figure 3.5 Protein content of FoxO3 and pFoxO3 are unchanged in skeletal
muscle of HFD mice.
Protein from mouse TA was separated using SDS-Page and Western Blot was
performed using an antibody against FoxO3 (total (A), and phosphorylated (B).
No change was found between Lean and Obese mice.
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Table 1. Real Time PCR Primers

Atg3
Atg5
Atg7
Atg12
Atg16L1
LC3
LAMP1
ATF4
Bip/GRP
78
GRP94
usXBP1
sXBP1

Forward (5’ to 3’)
GAAGTGGCCGAGTACCTGAC

Reverse
AAGTGATCTCCAGCTGCCAC
TGGATAATGCCATTTCAGGG
ACCTCGGTTTGGCTTTGGTT
GT
CAGAGTCACCATTGTAGTAAT TAAACTGGTGGCCTCGGAAC
CCATCACTGCCAAAACACTC
TAAACTGGTGGCCTCGGAAC
A
CCTTCTGGATTCTATCACTAAT TGGGACTCTCACATCTTTA
ACTTCGGAGATGGGAGTGG
AAGAGTGGAAGATGTCCGGC
A
GCCCTGGAATTGCAGTTTGG
TGCTGAATGTGGGCATAGG
TGGATTTCGTGAAGAGCGCC
CGCTGCGGTAGGATCACG
AT
TTCAGCCAATTATCAGCAAAC TTTTCTGATGTATCCTCTTCA
TCT
CCAGT
AAGAATGAAGGAAAAACAGGA
CAAATGGAGAAGATTCCGCC
CAAAA
GTCCATGGGAAGATGTTCTG
CAGCACTCAGACTATGTGCA
G
CTGAGTCCGAATCAGGTGCA
GTCCATGGGAAGATGTTCTG
G
G
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CHAPTER FOUR: CYCLIC STRETCH, BUT NOT HIGH FAT EXPOSURE
INCREASES SKELETAL MUSCLE AUTOPHAGY FLUX AND DECREASES
mRNA CONTENT OF GENES INVOLVED WITH ENDOPLASMIC RETICULUM
STRESS
Abstract
Skeletal muscle endoplasmic reticulum (ER) stress promotes insulin resistance,
decreased force production, and increased fatigability. Autophagy, a major
protein degradation pathway, is responsible for eliminating and recycling
damaged and dysfunctional ER. Obesity has been shown to decrease
autophagy and increase ER stress in various tissues. Purpose: To examine the
independent effects of high fat exposure and cyclic stretch on autophagy and ER
stress markers in cultured myotubes. Methods: Differentiated C2C12 myotubes
were treated for 24h with equimolar (250 mM) amounts of palmitic acid and
oleate. Gene expression of autophagy (Atg5, Atg7, Atg12, Atg16L, LC3, LAMP),
and ER stress (GRP78, GRP94, ATF4, sXBP1, usXBP1) markers was measured
using RT-PCR. Additionally, C2C12 myotubes were treated with 0.03µM
concanamycin A (ConcA)(an autophagy inhibitor) and morphological changes of
the ER were assessed via ER-tracker. RT-PCR was performed to quantify
effects of autophagy inhibition on expression of genes involved in ER stress.
C2C12 myotubes were cultured in multiwell plates with flexible surface (Flexcell)
and subjected to stretch (18%, 1 Hz, 30 minutes). To measure global autophagy
flux following stretch, C2C12 myotubes were radiolabeled with 5 µCi/ml [3H]-
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tyrosine for 24h, washed, and radioactivity chased for 2h in the presence of
ConcA or vehicle control. Serial media samples were then collected over 4h.
Results: C2C12 myotubes treated with high fat exhibited decreased mRNA
content of Atg5 (p = 0.007, fold change 1.78), Atg12 (p = 0.001, 1.99), and LC3
(p = 0.01, 2.01), and increased mRNA content of the ER stress marker sXBP1 (p
= 0.005, 1.33). Inhibition of autophagy significantly increased the number of
punctate in the ER, and mRNA content of GRP78 (p=0.03, 1.63), GRP94
(p=0.03, 1.62), and sXBP1 (p=0.02, 5.21). Autophagy rate was increased by
34% (p=0.04, 1.34) following 30 minutes of cyclic stretch. Gene expression of
ATF4, and sXBP1 were unchanged following stretch. However, expression of
GRP94 (p=0.04, 1.24) and usXBP1 (p=0.02, 1.34) increased significantly.
Conclusion: HFD decreases autophagy and increases ER stress, and inhibition
of autophagy is sufficient to see this effect. Autophagy flux is increased following
a single bout of cyclic stretch. Increased usXBP1 and unchanged sXBP1
following stretch suggests a shift toward ER homeostasis. This decrease in
splicing of XBP1 may be due to decreased activation of the Inositol-Requiring
Kinase 1 (IRE1) pathway of the unfolded protein response. Future work should
determine whether increased autophagy flux following myocellular mechanical
activity such as exercise reduces ER stress in skeletal muscle cells following
high fat exposure.
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Introduction
Endoplasmic reticulum (ER) stress, as indicated by an overwhelmed protein
folding capacity, is increased in both heart17 and liver16 tissue following high fat
exposure. This stressed state can lead to many negative consequences, and
ultimately, apoptosis. Autophagy is the major quality control mechanism for the
ER,22 and has been shown to be altered in various tissues throughout the body in
those with chronic high fat diets. Skeletal muscle, one of the largest organ
system in the body, has been shown to have decreased autophagy flux in
overweight20 and morbidly obese subjects.64 These findings point to a
mechanism by which decreased skeletal muscle autophagy may lead to ER
stress and subsequent negative side effects. Indeed, decreased autophagy flux
has been shown to be sufficient to induce ER stress in both hepatic5 and
pancreatic19 tissue. However, the role of autophagy in high fat diet-induced ER
stress within skeletal muscle cells remains unclear.

The crosstalk of ER and autophagy has long been established,87,88 with both
working together to create cellular homeostasis and proper protein folding.
Disruption of this relationship, either due to induced ER stress, or diminished
autophagy may lead to severe cellular disturbances and eventually, apoptosis.
Additionally, ER stress is linked to multiple skeletal muscle issues such as insulin
resistance77 and decreased protein synthesis.18,89

An overload of mis-folded or unfolded proteins is known to induce ER stress in
skeletal muscle. Additionally, multiple mechanisms are known to cause skeletal
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muscle ER stress, including high fat treatment,89 viral infections, and other
environmental toxins.90 Skeletal muscle autophagy is known to degrade
superfluous proteins22 and therefore may be a mechanism by which skeletal
muscle ER stress can be remedied.

Similar to ER stress, autophagy is known to be activated by a variety of
mechanisms including nutrient starvation49 and exercise.91–93 Autophagy is the
primary source for degradation of mis-folded proteins and damaged organelles
such as ER. Decreases in autophagy have severe implications eventually
leading to chronic disease.32,94 Without proper degradation through autophagy
dysfunctional organelles and mis-folded proteins accumulate, leading to a
stressed cellular state and ultimately initiating ER stress pathways.

Alternatively, it is well established that exercise, both endurance43 and
resistance,95 increases skeletal muscle autophagy, indicated by increases in both
mRNA and protein content of major autophagy markers. Interestingly, induction
of autophagy following exercise is necessary for skeletal muscle adaptations due
to exercise training.46 Therefore, exercise may be a potential treatment for
increasing skeletal muscle autophagy and subsequently improving ER
homeostasis.

The purpose of this study was to examine independent effects of high fat
treatment and cyclic myocellular stretch (an in vitro model of exercise) on skeletal
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muscle autophagy and ER stress. We hypothesized that high fat treatment will
decrease skeletal muscle autophagy and increase ER stress. Additionally, we
hypothesized that cyclic stretch will increase autophagy and decrease ER stress.

Methods
Cell Culture
C2C12 myotubes were cultured in DMEM + 10% fetal bovine serum with media
changed every 48 hours until 80% confluent. Myogenic differentiation was forced
using DMEM + 2% horse serum. All experiments were completed after terminal
differentiation (day 3-4). For experiments identifying the effect of high fat
treatment, cells were treated with equimolar palmitate (250μM) and oleate
(250μM) for 24 hours prior to experimentation.

RT-PCR
RNA was isolated from C2C12 myotubes using phenol-chloroform extraction.
cDNA was synthesized from RNA using reverse transcription, and RT-PCR
performed using SYBR green chemistry (ABI 7900). Primers for genes involved
in autophagy/ER Stress were designed using NCBI primer blast (full list found in
Table 1). Each sample was run in duplicate and normalized to the geometric
mean of Glyceraldehyde Phosphate Dehydrogenase (GAPDH), Large Ribosomal
Protein (RPLPO), and β-actin. Fold change in mRNA content was determined by
the ∆∆Ct method.
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ER Morphology
To determine the effect of decreased autophagy on the morphological changes
and function of the ER, myotubes were treated with 0.03μM ConcA or vehicle
control and ER structure evaluated using a commercially available ER tracker
(LifeTechnologies). This live-cell stain is conjugated to glibenclamide which binds
to sulphonylurea receptors of ATP-sensitive K + channels on the ER. This
technique is frequently used to evaluate ER structure in vitro.96

Cyclic Stretch
C2C12 myotubes were cultured in multiwall plates with a flexible collagen IVcoated surface for use on the FlexCell 4000 machine. Once fully differentiated,
cells were treated with ConcA or vehicle control and myotubes subjected to
equibaxial myocellular stretch (18%, 1 Hz, 30 minutes). This cyclic stretch
mechanism has previously been used to model skeletal muscle contractile
activity in both whole tissues and cell culture.97–99

Protein Degradation
C2C12 myotubes were radiolabeled with 5 µci/ml [ 3 H]-tyrosine for
24h, washed with cold PBS, and radioactivity chased for 2h in the presence of a
lysosome inhibitor (ConcA) or vehicle control (BSA). Serial media samples were
collected every 4h and tyrosine release counted via scintillation counter.

48

Statistics
Statistical analyses for this study were performed using Graphpad Prism 7.0c.
Unpaired t-tests were conducted to determine significance using an alpha level of
0.05. All results are reported as mean ± SEM.

Results
Gene expression of autophagy genes is decreased and in C2C12 myotubes
treated with high fat
Since our previous work (Chapter 3) suggested that high fat exposure regulates
expression of autophagy at the level of gene transcription mRNA of major
autophagy genes was measured and analyzed (Figure 6). Following 24h of
equimolar palmitate and oleate treatment, there was a significant decrease in
both Atg5 (p = 0.007, fold change 1.78), Atg12 (p = 0.001, 1.99), and LC3 (p =
0.01, 2.01) (Figure 6A). Conversely, there was a significant increase in Atg16L
(p = 0.005,1.90) (Figure 6A). There were no changes seen in Atg7.

Expression of ER stress genes is increased in C2C12 myotubes treated with high
fat diet
mRNA content of ER stress markers was measured in C2C12 myotubes treated
with high fat or BSA. A significant increase in sXBP1 (p = 0.005, 1.33) was found
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in high fat treated myotubes. However, no changes in GRP78, GRP94, ATF4, or
usXBP1 were observed.

Inhibition of autophagy alters ER morphology inducing increased punctati
Given the inverse relationship in gene expression of autophagy markers and
sXBP1, we next wanted to determine whether inhibition of autophagy is sufficient
to induce ER stress in culture myotubes. Therefore, we treated terminally
differentiated C2C12 myotubes with ConcA, lysosomal proton pump inhibitor and
examined ER morphology using an ER tracker. Myotubes treated with ConcA
showed a marked increase in punctate (p = 0.0043, 759.43) compared to basal
(Figure 7A/B/C).

Inhibition of autophagy induces transcription of ER stress genes
In order to confirm the impact of skeletal muscle autophagy on ER stress,
myotubes were treated with ConcA, mRNA isolated, reverse transcribed, and
examined for changes in levels of ER stress genes. Significant increases in
GRP78 (p = 0.03, 1.63), GRP94 (p = 0.03, 1.62), and sXBP1 (p = 0.02, 5.21)
were seen in myotubes with inhibited autophagy (Figure 7D). ATF4 and usXBP1
were not changed.
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Cyclic stretch mimics exercise, increases autophagy flux, and increases
expression of usXBP1 in C2C12 myotubes
To confirm our Flexcell cyclic stretch protocol mimics exercise, we measured
changes in protein synthesis and myotube diameter. Following a single bout of
our stretch protocol, protein synthesis was significantly increased (p = 0.04,
1.27). Likewise, after five consecutive days of stretch, myotube diameter
increased significantly (p = 0.002, 1.24). To understand the impact of cyclic
stretch on skeletal muscle autophagy, C2C12 myotubes were treated with
ConcA, radiolabeled and measured for changes in protein degradation.
Following 30 minutes of cyclic stretch, the rate of autophagy-mediated protein
degradation was increased 34% (p = 0.04, 1.34). Additionally, following stretch,
myotubes were assessed for changes in transcription of ER stress genes. There
were significant increases in GRP94 (p = 0.04, 1.25) and usXBP1 (p = 0.02,
1.34). No changes were found in GRP78, ATF4 and sXBP1.

Discussion
The major findings of this study are that: 1) high fat treatment decreases mRNA
content of myocellular autophagy genes as well as increased ER stress markers
and 2) cyclic stretch increases skeletal muscle autophagy and decreases ER
stress. These conclusions point to autophagy being a potential therapeutic target
for those suffering with ER stress.
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Through this study we were able to show the relationship of a high fat diet to
skeletal muscle ER stress. Additionally, we were able to elucidate the impact of
autophagy on skeletal muscle ER stress. This link further develops our
understanding of the crosstalk between autophagy and ER stress, specifically, in
skeletal muscle. Because ER stress leads to decreased protein synthesis, as
well as impaired calcium handling, elucidating this relationship may provide a
mechanism by which myocellular homeostasis can be restored.

It has been previously described that a decrease in hepatic autophagy shows an
increased hepatic ER stress, leading to multiple metabolic issues such as insulin
resistance.5 The current study provides the novel finding that a impaired skeletal
muscle autophagy leads to increased gene expression of ER stress makers in
skeletal muscle. Together, these data point to a similar pattern throughout
tissues.

In addition to the increased gene transcription of ER stress marker sXBP1
following autophagy inhibition, we also saw a vast, and significant increase in the
number of punctate found in the ER. These morphological changes indicate a
stressed organelle state, suggesting lack of autophagy may be leading to
impaired clearance of damaged ER matter.
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This study adds to the literature showing that cyclic stretch helps reduce ER
stress. Therefore, it is possible that mechanotransduction directly increases
expression of genes involved in autophagy with a concomitant decrease in
expression of genes involved in ER stress. Future studies should be focused on
the combined effect of a high fat environment and cyclic stretch, eventually
looking at the combined effect of obesity and exercise on skeletal muscle
autophagy and ER stress.
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Figure 4.1 C2C12 myotubes treated with high fat exhibit decreased mRNA
content of autophagy genes and increased mRNA content of sXBP1.
mRNA levels of autophagy (A) and ER stress markers (B) was measured and
analyzed utilizing real time PCR. Significant decreases were found in Atg5,
Atg12, and LC3B (A). Atg16L showed a significant increase (A). A significant
increase in sXBP1 was also seen (B). There were no changes in Atg7 (A), or
GRP78, GRP94, ATF4 and usXBP1 (B). *p < 0.05
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Figure 4.2 Inhibition of autophagy alters ER morphology and induces ER
stress.
C2C12 myotubes were treated with a lysosomal inhibitor (ConcA) and imaged
using an ER tracker (cell signaling). Imaging showed a significant increase in ER
punctate in ConcA treated compared to basal (A/B/C). Additionally, mRNA of ER
stress markers was measured in C2C12 myotubes treated with ConcA and there
were signifianct increases in GRP78, GRP94, and sXBP1 (D). There were no
changes in usXBP1 and ATF4. *p < 0.05
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Figure 4.3 Cyclic stretch concomitantly induces protein synthesis and
autophagy while decreasing mRNA content of ER stress markers in C2C12
myotubes.
C2C12 myotubes were stretched using a Flexcell 4000 and protein degradation
was measured via radiolabeled tyrosine release assay. Following stretch
autophagy increased by 34% (C). mRNA of ER stress markers was measured
following the 30 min stretch protocol and significant increases were found in
GRP94 and usXBP1 (D). No changes were seen in GRP78, ATF4, or sXBP1
(D). *p < 0.05 vs. unstretched
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CHAPTER FIVE: SUPPLEMENTAL DATA
Rationale
Over 30% of American adults are obese.100 Skeletal muscle function of persons
with obesity is severely diminished presenting with impaired protein synthesis.101
Additionally, decreased glucose tolerance,102 and increased inflammation103 have
all been found in skeletal muscle of the obese. Many of these negative effects
have been linked to damaged endoplasmic reticulum (ER)77 or mitochondria.2
Better understanding the quality-control mechanisms of these organelles in
skeletal muscle of the obese is essential understanding the pathophysiological
response to high fat feeding.

Autophagy is the major process for degradation of damaged and dysfunctional
organelles such as the ER and mitochondria. The pathway has long been
viewed as a macro-level degradation mechanism, however findings over the past
few decades have elucidated more specialized pathways as well. Processes for
specific degradation of mitochondria (mitophagy)104 and ER (ER-phagy)105 have
been described, providing potential mechanisms for the decreased skeletal
muscle function due to high fat feeding. Damaged and ineffective mitochondria
and ER, recruit LC3II by increasing levels of Parkin and Family with Sequence
Similarity 134, Member B (FAM134B), respectively. To date, the effects of HFDinduced obesity on mitophagy and ER-phagy remain largely unknown.
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Altered organelle-specific autophagy with obesity and high fat treatment
Interestingly, we have found an increase in protein content and gene expression
of major autophagy markers in skeletal muscle of obese mice (Chapter 3).
Additionally, we found decreased gene expression of Parkin (p = 0.048, 1.73) in
obese mice with no changes seen in gene expression of Pink1 or FAM134B
(Figure 5.3). Together, these data point to a disconnect in macro and organellespecific autophagy. Therefore, ER-phagy and mitophagy may serve as a major
mechanism for high fat diet-induced decreases in skeletal muscle function.

Alternatively, there is no change in protein content of autophagy markers
following 24h equimolar treatment of palmitate (250μM) and oleate (250μM)
(Figure 5.1), while there was a significant increase in Parkin (p = 0.004, 1329.83)
mRNA levels following the high fat treatment (Figure 5.2). These findings
elucidate the differences of in vivo and in vitro high fat environments.

Impaired autophagy induces anabolic resistance in C2C12 myotubes
High fat feeding inhibits skeletal muscle hypertrophy response through an
unknown mechanism. Interestingly, this effect is largely due to decreased
protein synthesis rate. Due to the essential role of the ER in protein synthesis, it
is possible that ER-stress may mediate high fat diet-induced anabolic resistance.
Following autophagy inhibition via ConcA there was a significant decrease in
anabolic response to stimuli (Figure 5.4 B). Together these suggest that protein
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degradation, and specifically, autophagy play a major role in the alterations of
anabolic resistance seen with high fat feeding.

Methods
Cell Culture
C2C12 myotubes were cultured in DMEM + 10% fetal bovine serum + 1%
penicillin/streptomycin with media changed every 48 hours. Differentiation was
forced when myoblasts were 80% confluent, using DMEM + 2% horse serum +
1% penicillin/streptomycin. Experiments were conducted when myotubes were
terminally differentiated. Myotubes were treated with equimolar palmitate
(250μM) and oleate (250μM) for 24 hours prior to experimentation.

Mouse Model
Eight-week-old C57BL/6J male mice were fed standard chow (n=8) or high fat
diet (HFD) (n=8) consisting of 60% lard for 16wk82.

Immunoblots
Protein was collected using RIPA buffer including protease and proteasome
inhibitors and quantified using a bicinchoninic acid (BCA) assay. Western blots
were then performed using equal amount of protein (50µg) from each sample.
Following SDS-Page, the protein was transferred to a nitrocellulose or PVDF
membrane and incubated with primary antibodies. Antibodies for the autophagy

59

proteins (Cell Signaling Technologies) Atg3 (#3415), Atg12 (#4180), Atg16L
(#8089), and LC3 (#12741) were used. Additionally, we also measured protein
content of the lysosomal marker lysosomal-associated membrane protein 1
(LAMP1) (DSHB). Following primary antibody treatment, membranes were
washed repeatedly with TBS-T and incubated for 1 hour in appropriate
secondary antibodies. Membranes were then analyzed using
chemiluminescence or by measuring optical density (LICOR). To quantify
chemiluminescence measurements, NCBI software Image J
(https://imagej.nih.gov/ij/) was utilized.

Protein Synthesis
Protein synthesis rate was measured as previously described106. Following an
acute bout of cyclic stretch, lipid treatment, or autophagy inhibition, myotubes
3

were radiolabeled with L-[3,5- H] tyrosine (5μCi/mL) for 2 h, washed in cold PBS,
and TCA precipitable proteins collected into microcentrifuge tubes. Proteins were
pelleted by centrifugation and solubilized in 0.2N NaOH. Radioactivity of protein
pellets were determined by scintillation counting and normalized to total protein
content (measured via bicinchoninic acid assay).

RT-PCR
RNA was isolated via phenol-chloroform extraction from C2C12 myotubes
treated with high fat (equimolar palmitate (250μM) and oleate (250μM)) or BSA

60

control, reverse transcribed into cDNA, and RT-PCR (ABI 7900, SYBR green
chemistry) performed. Specific primers used can be found in Table 1. Results
were normalized to the geometric mean of Glyceraldehyde Phosphate
Dehydrogenase (GAPDH), Large Ribosomal Protein (RPLPO), and β-actin which
were not changed in response to HFD. Fold change in mRNA content was
determined by the ∆∆Ct method.

Anabolic Stimulus
To elucidate the impact of autophagy inhibition on skeletal muscle anabolism,
C2C12 myotubes were terminally differentiated and treated with ConcA or
Vehicle control for 1hr. Following treatment, myotubes were subjected to insulinlike growth factor (IGF)-1 a well-known anabolic stimulus.
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Figure 5.1 Protein content of autophagy markers is unchanged in C2C12
myotubes following high fat treatment.
Following 24 hours of equimolar palmitate (250μM) and oleate (250μM)
treatment C2C12 myotubes were harvested and total protein content measured
using BCA. Protein content of various autophagy markers was analyzed using
western blot technology. Quantification (A, C, D) and images (B) of Atg3, Atg5,
Atg12, Atg16L, LC3, and LAMP show no changes in protein content.
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Figure 5.2 mRNA of Parkin is increased in C2C12 myotubes following 24h
treatment of equimolar palmitate and oleate.
Following 25h high fat environment, gene expression of Parking was significantly
increased in C2C12 myotubes. *p = < 0.05
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Figure 5.3 Levels of Parkin mRNA are increased following 16-week HFD in
C57BL/6J mice.
High fat diet significantly increased mRNA levels of Parkin, a major mitophagy
marker, but not Pink1 or FAM134B. *p = <0.05
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Figure 5.4 Autophagy inhibition induces anabolic resistance in cultured
C2C12 myotubes.
C2C12 myotubes were treated with ConcA or vehicle control for 1hr and then
given and anabolic stimulus. Cells treated with ConcA had significantly
diminished anabolic response. Additionally, there was significant increase in
protein synthesis under both conditions following IGF-1 treatment. Lastly, there
was a significant decreased response to IGF-1 following ConcA treatment. *p <
0.05 vs. Vehicle, dp < 0.05 vs. respective basal control , # p < 0.05 vs. Vehicle +
IGF-1

65

CHAPTER SIX: GOBAL DISCUSSION
The major findings of the present research are: 1) in vivo 16-week high fat diet
increases capacity for skeletal muscle autophagy and does not change markers
for ER stress, while 2) in vitro high fat treatment decreases autophagy markers
and increases gene expression of sXBP1, an indicator of ER stress. To date,
many studies have linked high fat diet to decreased autophagy in multiple
tissues. The present study shows that prolonged HFD in vivo actually increases
mRNA and protein content of several markers of autophagy. This paradox may
be explained by a difference in methodological approaches.

Specifically, for our in vivo study we used tibialis anterior muscles from C57BK/J6
mice. These muscles were selected as they are a non-anti-gravity muscle which
avoids potential overload effects due to excess body mass, as it is wellestablished that muscle overload (i.e. resistance training) decreases
autophagy.44 It is possible that previous studies66 have seen decreased
autophagy due to an overload (i.e. exercise) effect of obesity on anti-gravity
muscles, such as plantaris and soleus, and not as a result of a high fat diet.
Interestingly, our data indicate that HFD induces myocellular hypertrophy, even
in this non-anti-gravity muscle. It is possible that decreased rate of protein
degradation may contribute to this hypertrophic response. Bollinger107 et al.,
showed that high fat exposure increased protein content of C2C12 myotubes due
to decreased protein degradation rate. In the present study, we found HFD
increased mRNA and protein content of several autophagy markers.
Unfortunately, we were unable to directly assess rates of protein degradation.
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Importantly, decreased autophagy leads to ER stress in both hepatic tissue5 and
b-cells of the pancreas.19,108 Skeletal muscle autophagy is important for
endoplasmic reticulum (ER) homeostasis and overall muscle health.109
Conversely, we show that high fat treatment in vitro decreases mRNA content of
autophagy-related genes in cultured myotubes. It is possible that oversupply of
lipids to skeletal muscle cells inhibits transcription of autophagy-related genes,
but that systemic effects of obesity induce a compensatory increase in
transcription of these genes. Additionally, with cyclic stretch there was no
indication of ER stress, and in fact there was a shift towards ER homeostasis
shown by a significant increase in usXBP1. Together these data indicate that
under circumstances of increased autophagy there is no evidence of ER stress.
However, when autophagy is decreased (as with high fat treatment) there was
indication of ER stress. Therefore, autophagy may be associated with the
development of ER stress due to high fat feeding.

ER stress initiates multiple downstream pathways which create a cascading
effect, trending to either pro-survival or pro-apoptotic results depending on which
pathway is activated. GRP78 and IRE1 (upstream of XBP1) are preferentially
activated in skeletal muscle of the obese.18 However, following chronic high fat
diet all three ER stress pathways - PERK, ATF6 and IRE1 - are activated,
suggesting a step-wise initiation beginning with survival mechanisms until no
longer able to maintain homeostasis.18

67

Increasing autophagy has been presented as a novel target for improving ER
homeostasis108 by increasing clearance of mis-folded or superfluous proteins.
Exercise, which is known to counteract many negative effects of obesity,
stimulates skeletal muscle autophagy following both an acute43 bout and chronic
training.72 While autophagy is increased following a single exercise bout, basal
autophagy rates are also increased long-term with exercise training. This points
to a potential treatment for decreased autophagy in skeletal muscle of the obese.
The combined effect of obesity and exercise on skeletal muscle autophagy has
not yet been explored. Future studies should focus on both the acute and
chronic effects of endurance and resistance exercise on skeletal muscle
autophagy in obese individuals.

Interestingly, exercise is also known to acutely increase ER stress, however after
exercise training the ER adapts to stress from exercise and is able to maintain
homeostasis without initiating stress pathways.110 This points to the protective
mechanism of chronic exercise on long-term ER stress. Potentially, exercise
training increases basal autophagy levels resulting in healthier ER and
decreasing activation ER stress pathways under minor acute stress.

Increased capacity for autophagy in skeletal muscle of obese mice
Through this study we found increased capacity for autophagy in high-fatinduced obese mice. It is well established that nutrient deprivation increases
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phosphorylation of ULK1,49 thus initiating autophagy in a post-translational
manner. Our data show, for the first time, that chronic high fat feeding (a nutrient
overload) increases mRNA content of several autophagy-related genes.
Specifically, we noted that high fat feeding increased mRNA and protein content
of Atg3, Atg12, and Atg16L1. Interestingly, every measured marker of
autophagy, even if not significant, tended to increase, suggesting a shift towards
increased capacity for autophagy. Roseno111 et al., found that 3wk high fat
feeding accelerated denervation-induced proteolysis of the soleus concomitant
with an increase in LC3II:I ratio. Together, these data suggest that HFD
increases basal capacity for autophagy, which may accelerate protein
degradation during atrophic stimulation. Additionally, we saw an increased
mRNA content of LC3 with no increase in total LC3 content. This could be an
indication of increased flux through the autophagy pathway, noted by the
potential degradation of LC3 upon hydrolysis of the autophagosome.

Zhao et al,80 showed that FoxO3, a master regulator of protein degradation,
preferentially increases autophagy flux via increasing transcription of several
autophagy-related genes, including LC3B and Atg12. Therefore, FoxO3 appears
to be a major regulator of transcription of autophagy-related genes. However, we
noted no increase in total or phosphorylated FoxO3 in response to high fat
feeding suggesting that FoxO3 is not responsible for high fat feeding-induced
increases in expression of genes involved in autophagy.
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High fat treatment decreases autophagy markers and increases ER stress
To understand whether high fat exposure mechanistically increases expression
of autophagy genes in skeletal muscle cells, we treated C2C12 myotubes with
equimolar palmitate (250) and oleate (250) for 24h and assessed for gene
expression and protein content. Interestingly, we found decreased autophagy
markers as well as increased indication of ER stress shown by an increased
transcription of sXBP1 (p = 0.005) a downstream target of IRE1a in response to
PO. Interestingly, this disagrees with our in vivo findings that high-fat-induced
obesity causes increased autophagy markers, highlighting a paradox between
high fat treatment and obesity. Alternatively, this finding agrees with studies
showing decreased autophagy flux in skeletal muscle of morbidly obese
women,64 and overweight elderly individuals.20 Additionally, decreased total
protein degradation rate and gene expression of LC3 was shown following
equimolar treatment of palmitate and oleate.107 Furthermore, these data agree
with previously published literature stating that decreased autophagy in various
tissues leads to ER stress.5,19 However, this is the first paper to show decreased
autophagy due to high fat treatment leads to ER stress in skeletal muscle.

The findings from our in vivo and in vitro data show an apparent paradoxical
effect of lipids on mRNA content of autophagy makers. Specifically, we noted
that in vitro high fat exposure leads to decreased autophagy markers in C2C12
myotubes and in vivo high fat diet-induced obesity leads to increased mRNA and
protein content of several autophagy markers in mice. This contradictory finding
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could be due to multiple cellular mechanisms and/or methodological differences.
Because obesity is a multifactorial disease, many mechanisms, including
systemic inflammation112 and insulin resistance102,113 are associated with obesity
and may impact protein degradation. Systemic inflammation is known to induce
TNFa-mediated transcription of proteolytic genes.114 Also, insulin as an anabolic
hormone, inhibits protein degradation. Therefore, resistance to this signal may
induce protein degradation. Additionally, obesity leads to mitochondrial
dysfunction2,115 as well as ER stress116, both of which, under certain
circumstances may increase both global and organelle-specific autophagy.

Autophagy inhibition leads to ER morphological changes and ER stress
Given the inverse relationship between expression of autophagy and ER-stress
genes in vivo and in vitro, we next sought to determine whether autophagy
inhibition is sufficient to induce ER-stress in skeletal muscle cells as this may
mechanistically contribute to ER-stress in response to high fat exposure. C2C12
myotubes were treated with ConcA (a lysosome inhibitor) and imaged for
changes in ER morphology as well as evaluated for ER stress. Following
inhibition of autophagy, myotubes exhibited significant changes in ER
morphology as indicated by a marked increase in the number of ER-punctate per
myotube area. This finding was also confirmed in our study where we found
increased markers of ER stress (sXBP1, GRP78, ATF4) following autophagy
inhibition. Previous research has shown that autophagy inhibition via Atg7
suppression induces hepatic ER-stress.5 Our data extend these findings to show

71

that inhibition of lysosomal acidification (a step necessary for autophagymediated protein degradation) increases ER stress in skeletal muscle cells.
Therefore, decreased autophagy is sufficient for inducing ER stress in skeletal
muscle. It remains to be seen whether impaired autophagy is responsible for
increased ER stress in response to high fat exposure.

Cyclic stretch induces autophagy and improves ER homeostasis
Previous studies have found that various types of exercise, both endurance43 and
resistance,44,117 increase skeletal muscle autophagy, evident by increases in both
gene expression and protein content. To mimic exercise, we utilized a cyclic
stretch protocol using Flexcell technology. Our established protocol has been
found to mimic exercise indicated by increased protein synthesis (following a
single bout) and myocellular hypertrophy (following 5 consecutive days).
Following our cyclic stretch protocol, C2C12 myotubes exhibited increased
autophagy flux, agreeing with the literature that acute exercise increases
degradation through autophagy.43,91 Additionally, we found improved ER
homeostasis, indicated by a significant increase in usXBP1 and a pro-survival ER
chaperone GRP94. Additional experiments should be conducted to elucidate the
combined effect of high fat treatment and cyclic stretch on autophagy and ER
stress markers.

In conclusion, findings from this study show that in vitro high fat treatment
decreases autophagy gene expression and induces ER stress. Paradoxically, a
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16-week high fat diet, in vivo resulted in increased markers of autophagy and no
indication of ER stress. This dissimilarity points to an unknown mechanistic
effect of high fat exposure compared to high-fat-diet induced obesity.
Additionally, this variance may be due to methodological differences between our
in vivo and in vitro studies. With these differing results we see the impact of
nutrient overload on autophagy, and specifically that nutrient overload of lipids
results in increased skeletal muscle autophagy in vivo and decreased autophagy
markers in vitro. The cause for this difference is unknown. However, it could be
theorized that short-term high fat exposure decreases autophagy due to the
abundance of nutrients and low need for energy generation, while chronic high
fat diet, which induces obesity, leads to an increased demand for autophagy in
order to maintain cellular homeostasis and proper organelle function.

Furthermore, we show for the first time, that decreased autophagy is sufficient for
inducing ER stress in skeletal muscle. Inhibition of autophagy results in
detrimental ER morphological changes which progress to ER stress. This study
also found that a single bout of cyclic stress is sufficient for increasing flux
through autophagy by 34% and improving ER homeostasis.

Study Limitations
During the initial study with high fat fed mice we were able to successfully
measure markers of autophagy. However, we were unable to implement a
chloroquine treatment to analyze skeletal autophagy flux.118 Although an
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equimolar treatment of palmitate (250μM) and oleate (250μM) has been
previously used and shown to decrease protein degradation,107 palmitate is the
most commonly used lipid for in vitro measures of high fat exposure. Utilizing
this new high fat treatment may explain the differences seen in the in vivo and in
vitro data.
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APPENDICES
Appendix A: Common abbreviations through this document.
Abbreviation
AUTOPHAGY
Atg (3,5,7,12,16L)
LC3B
LAMP1
ER STRESS
Bip/GRP78
GRP94
ATF4
usXBP1
sXBP1
CHOP
JNK
PERK
IRE1
OTHER
ConcA
ER
autophagy
p (p-value)

Full Name
Autophagy related gene (3,5,7,12,16L)
associated proteins 1A/1B light chain 3B
lysosomal-associated membrane protein 1
78 kDa glucose-regulated protein
Glucose Regulated Protein 94
Activating transcription factor 4
Unspliced X-box binding protein 1
Spliced X-box binding protein 1
C/EBP homologous protein
c-Jun N-terminal kinase
protein kinase R (PKR)-like endoplasmic reticulum
kinase
Inositol-Requiring Kinase 1
Concanamycin A
Endoplasmic Reticulum
Autophagic Lysosomal Pathway
Calculated probability
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Appendix B: Antibody sources
Antibody
Atg3
Atg5
Atg7
Atg12
Atg16L
LC3
FoxO3
pFoxO3
LAMP1
Histone
b-actin

Source
Cell Signaling #3415
Cell Signaling #12994
Cell Signaling #8558
Cell Signaling #4180
Cell Signaling #8089
Cell Signaling #12741
Cell Signaling #2497
Cell Signaling #9466
Developmental Studies Hybridoma Bank
Cell Signaling #3638
Cell Signaling #4967
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